A study into the optimal deposition temperature for ultra-thin La 2 O 3 /Ge and Y 2 O 3 /Ge gate stacks has been conducted in this paper with the aim to tailor the interfacial layer for effective passivation of the Ge interface. A detailed comparison between the two lanthanide oxides (La 2 O 3 and Y 2 O 3 ) in terms of band line-up, interfacial features and reactivity to Ge using medium energy ion scattering, vacuum ultra-violet variable angle spectroscopic ellipsometry (VUV-VASE), X-ray photoelectron spectroscopy and X-ray diffraction, is shown. La 2 O 3 has been found to be more reactive to Ge than Y 2 O 3 , forming LaGeO x and a Ge sub-oxide at the interface for all deposition temperature studied, in the range from 44C to 400C. In contrast, Y 2 O 3 /Ge deposited at
I. INTRODUCTION
The most recent studies 1, 2 
strongly advocate that high performance Ge CMOS (Complementary Metal Oxide
Semiconductor) technology is feasible. This technology is attractive due to the Ge intrinsic high mobilities for electrons (3900 cm 2 /Vs) and holes (1900 cm 2 /Vs) as well as the CMOS compactness (Ge-based n-and pchannel MOSFETs). The smaller band gap of Ge (0.67 eV) has the potential for lower contact resistances compared to Si, and is consequently more suitable for voltage scaling 3 . Sub-nm equivalent oxide thickness (EOT) gate stacks are required to keep the intrinsically high performance of Ge. The focus is on finding suitable high permittivity () dielectric ( > 20) to form a gate stack with low interface state density and EOT. The most perilous issue is engineering a high-quality interface between Ge and the high- dielectric, that is, passivation of the Ge surface. An interfacial layer (IL) either intentionally or unintentionally formed during the high- dielectrics deposition process is usually necessary for achieving high electrical performance of Ge-based MOS devices [4] [5] [6] but its presence has a significant effect on achieving the desired EOT; it must be as thin as possible and preferably with as high a permittivity as can be achieved. The four most commonly used approaches 7 for forming thin ILs for Ge passivation are: (i) nitridation, (ii) Si-based schemes, (iii) S-based passivation and (iv) GeO x (x  2) grown through thermal, ozone-or plasma-assisted oxidation. The peak electron mobility has been dramatically improved in Ge n-channel MOSFETs over recent years 2, [8] [9] [10] [11] [12] . The highest reported electron mobility is now approaching 2000 cm 2 /Vs [8] [9] 12 . The key to this achievement has been mainly in interface state reduction at the GeO 2 /Ge interface. Thermally grown GeO 2 is the most natural choice [13] [14] [15] [16] [17] [18] . A high-quality GeO 2 IL provides a possibility for both p-and n-type Ge channel FETs. However, it is worth recalling that GeO 2 has high water solubility, low desorption temperature (~ 430°C) and low dielectric constant of ~ 6. A detrimental Ge suboxide transition layer at a GeO 2 /Ge interface can be expected 19, 20 . Toriumi's group has systematically investigated [8] [9] [10] [11] [21] [22] the GeO 2 /Ge interface in terms of both thermodynamics and kinetics of the Ge oxidation
process. An extremely low density of interface states (D it = 6×10 10 eV -1 cm -2 ) has been reported for relatively thick (~ 20 nm) GeO 2 /Ge 23 allowing for high performance Ge n-MOSFETs 21 ; note that the high density of the acceptor-type interface states has been found to degrade Ge n-MOSFET performance 18 , while it is not a concern for Ge p-MOSFETs due to the position of the charge neutrality level in Ge. An apparent degradation of drive current has been observed when the GeO 2 thickness has been further reduced 3 . A reduction in electron mobility bonding at the interface with Ge, redistributing the electronic charge and reducing the electrical activity of the interface states to produce good passivating properties 29 . This paper focuses on the former Ge interface engineering approach using La 2 O 3 and Y 2 O 3 RE-oxides. These high- oxides have moderate reactivity with Ge 40 to form a germanate interface whose purpose is two-fold:
firstly to reduce the interface defects and secondly to suppress the GeO x desorption at the interface. GeO x -free gate stacks constitute another advantage of this approach by choosing appropriate deposition conditions and annealing procedures 2 . La 2 O 3 /Ge gate stacks have been investigated by a number of research groups [41] [42] [43] [44] [45] [46] [47] [48] [49] . It has been shown 48 that La changes the surface chemistry so that a stable LaGeO x compound is favoured against the competing reaction of GeO 2 with Ge, resulting in suppression of GeO x 49 . The stable La-O-Ge bond at the Ge interface provides a surface-state "free" Ge band gap due to the fourfold coordination of La in the GeO x matrix as predicted theoretically by Houssa et al. 19 This allows for a gate stack with a low density of interface states (~ 10 11 eV -1 cm -2 ) with nearly ideal electrical characteristics 44, 47 The X-ray photoelectron spectra for La 2 O 3 /Ge stacks were recorded at the Daresbury NCESS facility using an ESCA300 spectrometer with monochromatised Al K X-rays of energy 1486.6 eV and electron take-off angles (TOA) of 15-90°. The spectrometer was calibrated so that the Ag 3d 5/2 photoelectron line had a binding energy (BE) of 368.35 eV, and a full width at half maximum (FWHM) of 0.5 eV. The X-ray source power was 2.8 kW and the spectrometer pass energy was 150 eV with the entrance-slit width of the hemispherical analyzer set to 1.9 mm. Under these conditions, the overall spectrometer resolution was ~ 0.5 eV 70 . Charge compensation was achieved using a VG Scienta FG300 low energy electron flood gun with the gun settings adjusted for optimal spectral resolution. The electron BEs were then corrected by setting the C 1s peak in the spectra (due to stray carbon impurities) at 284.6 eV for all samples 71 . The VUV-VASE measurements were performed using a spectral range from 0.5 -8.8 eV (referring to wavelength range  = 140-2500 nm), and angles of incidence of 55-75°, by 10° as a step, to maximize the accuracy. The entire optical path was enclosed inside a dry nitrogen purge to eliminate absorption from ambient water vapour and oxygen. The XRD measurements were done using the Philips Xpert XRD system. Electrical characterization was carried out at room temperature on metal insulator semiconductor (MIS) capacitors patterned by Pt e-beam evaporation on the dielectric surface through a shadow mask consisted of circular dots 300 m in diameter. The back Ohmic contact was made using eutectic In-Ga alloy. The high frequency capacitance voltage data were obtained with a HP4284 precision LCR meter.
III. RESULTS AND DISCUSSION
A. La 2 O 3 /Ge gate stacks MEIS and XPS measurements were performed to assess the thickness, distribution of elements and interfacial composition of the ultra-thin La 2 O 3 /Ge gate stacks. The key findings are outlined in this section. Note that as the thicknesses were less than 5 nm, the results from spectro-ellipsometry on these stacks were not conclusive, hence MEIS results were used. The MEIS energy spectra for the La 2 O 3 /Ge deposited at 44C and 400C are shown in Fig. 1(a) . There is a small high energy tail on the Ge signal for sample deposited at 400C that indicates an inclusion of Ge in the La 2 O 3 film. The elemental depth profiles were calculated assuming the lanthanum signal is La 2 O 3 with a stopping power density of 6.5 g/cm 3 . The calculated La and Ge depth profiles are shown in Fig. 1 layer observed in this work for the highest deposition temperature, is in agreement with the previous study 44 by energy dispersive X-ray spectroscopy where LaGeO x layer has been formed across the entire film at the temperature of 360C. The reported values of Ge +1 and Ge +2 are at ~ 1 eV and 1.8 eV shifts respectively 77, 78 . The spin-orbit splitting for GeO x could only be resolved in the 44C sample (see inset in pronounced as the angle is increased indicating that GeO x is present at the interface but surprisingly also in the oxide bulk. The same finding can be deduced from the AR-XPS spectra of O 1s core level shown in the inset of Fig. 3(a) . As the angle is increased, the broad centroid peak is transformed, showing sub-peaks as a signature of La-O-La, La-O-Ge, La-OH and the Ge-O-Ge bonds. The surface and even bulk hydration has been found to take place for all binary lanthanide oxides 41, 79, 80 , and its strong presence is visible for these samples too.
The band diagram of the La 2 O 3 /Ge stack deposited at 400C was derived using the valence 81,82 and O1s energy loss XPS spectra 83, 84 and is shown in Fig. 4 . The high resolution valence band (VB) spectra for the three 44 .
In summary of this section, our structural study on MBE-deposited La 2 O 3 /Ge gate stacks shows that as the deposition temperature increases, the stack converts towards a uniform LaGeO x layer which is beneficial for passivation of the Ge surface. However, the conduction band offset drops by ~ 0.5 eV causing higher leakage, leads to a permittivity reduction to ~ 12 44 and hence lowers the scalability. Moreover, our study confirms that band line-up and crystallinity were ascertained from XPS and XRD measurements. In addition, the effect of Al 2 O 3 as a capping layer was studied.
B.1. Thickness, band gap and sub-band gap absorption
Spectroscopic ellipsometry is very sensitive to the presence of surface layers in the order of just a fraction of a nanometer. The primary sensitivity comes from changes in phase, i.e. ellipsometric angle . Due to the high energy range of SE measurements in this study, all dielectric films became absorbing. The UV absorption is often modelled using a Tauc-Lorentz dispersion relationship 85 . The overall absorption shape is described by an amplitude, broadening, center energy, and band gap energy. The index of refraction is determined from both the Kramers-Kronig (KK) 86 transformation of imaginary part of dielectric function along with addition of an offset and UV pole to account for absorption that is outside the measurement spectral range. The modelling and fitting procedure in this study consisted of firstly, determining the thickness and optical constants in non-absorbing (transparent) region of spectra from 0.5-6 eV using a Cauchy layer representative of a dielectric film. Then, a
Kramers-Kronig consistent B-spline layer 87 was used to extend the optical constants into the higher energy range, up to 8.5 eV. This method is consistent with the point-by-point fit method 88 used in WVASE32, but with two added advantages: firstly the layer maintains KK consistency which forces the optical constants to keep a physical shape, secondly the optical constants remain smooth and continuous over the full spectrum, with a controllable parameter to decide the resolution of points. Additionally, the B-spline layer was replaced with the general oscillator model with a possibility of using Cody-Lorentz and Tauc-Lorentz oscillators to discern possible sub-band gap absorption features in the gate stacks and to determine the band gap.
Optical constants for germanium are available in the literature up to 6 eV photon energy range. We used this spectral range to fit the surface layer thickness of native curves was in all cases below 5, consistent with a good quality fit of the data.
The real and imaginary part of dielectric function vs photon energy (E) for the stacks is shown in Figs 
where  0 is the constant and E u is the Urbach energy. In a logarithmic plot of the absorption coefficient, the annealed at higher temperatures has been reported and attributed to defect reduction and temperature induced crystallization 105, 106 . The amorphous samples have been proposed to have a continuous and more dense bond network and hence a lower density of defects, which is substantiated by the lower trapped charge density 103, 107 .
In this work, the sample deposited at higher temperature shows no apparent Urbach tail and has less pronounced sub-band gap absorption region. However, there is no shift of the band edge in comparison to 225C deposited sample (see Fig. 6 (a)), indicating a similar structure. This argument is substantiated by the XRD graphs shown in Fig. 7(d) , where both films prove to be polycrystalline. The XRD pattern shows polycrystalline phases of Ge (004) plane and Y 2 O 3 (631) plane for both samples.
B.2. Interfacial layer study for Y 2 O 3 /Ge
The Ge 3d XPS core levels can best represent the chemistry at the interface because of their sufficient surface sensitivity and good resolution due to a narrow FWHM 108 . The relevant Ge 3d spectra fitted using a doublet
(due to spin-orbit splitting) Voigt functions for each peak are shown in Fig. 7(a) . The Ge 3d 0 substrate peak is fitted with a doublet of Ge 3d 5/2 (@29.0 eV) and Ge 3d 3/2 (@ 29.6 eV) with spin-orbit splitting of 0.6 eV and intensity ratio of 2:3 respectively. A high BE shoulder to the Ge 3d 0 substrate peak can be seen for both Y 2 O 3 samples, however with a higher intensity for the layer deposited at 400C (see Fig. 7 (a) bottom). Also note that Ge 3d 0 is less pronounced for the latter due to the thicker dielectric layer for this sample (see Table I , 7.9 nm for 400C vs 6.3 nm for 225C deposited sample). The rising edge at a BE lower than ~ 28 eV originates from Y 4p
to O 2s peaks at ~ 25 eV. The formation of the interfacial layer will be reflected in the Ge 3d spectra as positive shifts (with respect to the substrate Ge 3d 0 peak) when Ge reacts to form YGeO x layer. It has been reported that the Y-Ge-O bonding configuration gives rise to a BE shift within the range of + 2.2 to 2.5 eV due to a second nearest-neighbor effect, which is distinctly different from a O-Ge-O type bonding (+3.4 eV shift) 77, 109 . In our spectra in Fig. 7(a) , the chemical shift for YGeO x layer is visible at +2.5 to + 2.7 eV from the substrate peak.
Note the difference in the interfacial layer between the two samples. The lower temperature deposited Y 2 O 3 /Ge stack features GeO x layer at the interface, with a chemical shift of 1.1 eV consistent with +1 Ge oxidation state 78 . The higher temperature deposited stack has sub-oxide fully eliminated, and GeO 2 appears at the interface.
The Y 3d core level spectra were also measured to study the additional bonding and are shown in Fig. 7 hence the bond weakening can be significant. Room temperature mixing has also been observed for Si, and the concept of metallic screening of covalent bonds has been used to explain the bond weakening 111, 112 .
In order to study the effect of temperature on the interfacial layer characteristics of Y 2 O 3 /Ge, XPS in-situ annealing measurements were performed in the temperature range of 425°C to 750°C, with a step of 25°C. The
Ge 3d core level spectra as a function of annealing temperature are shown in Fig. 8 We measure directly from these graphs VBO values of 2.45 eV and 2.34 eV with an error bar of  0.2 eV, for 225°C and 400°C deposited samples respectively. It is worth noting that the VBO value is within the tolerance bar of the measurement for both samples. This is in contrast with the La 2 O 3 /Ge samples, where a more substantial decrease of the VBO value with the raise of the deposition temperature was observed (see Fig. 4(a) ).
Note that the spectra shown in Fig. 4(a) are obtained from an instrument with higher spectral resolution than once shown in Fig. 10(b) . It is worth mentioning that we have re-measured the core levels (Ge 3d, Y 3d, O 1s) and valence band region for the Y 2 O 3 /Ge samples using a monochromated XPS instrument, and the result of .
B.4. Electrical characterization of Y 2 O 3 /Ge stacks
The high frequency capacitance voltage and leakage current density characteristics for a MIS capacitor from the as-deposited Y 2 O 3 films grown at 225C and 400C, are shown in Figs. 11 and 12 , respectively. The CV curves of the 225C deposited Y 2 O 3 sample (Fig. 11(a) ) exhibit high frequency dispersion with large bumps in the weak inversion regime. A notable improvement in the CV characteristics is observed as the growth temperature increases from 225C to 400C. The aforementioned result could be correlated with the Ge 3d XPS spectra presented in Fig. 7 , where full elimination of GeO 
C. The effect of an Al 2 O 3 capping layer
The band gap value of Al 2 O 3 layer is found to be 6.1-6.4 from the VUV-VASE results (see Table I and Fig. 49 . In particular the large ionic radius of La +3 (117 pm) compared to Al +3 (67.5 pm), implies large M-O bond length (M -metal ion), and consequently a less dense O structure.
6(c)-(d)
The interfacial features for the selection of GeO 2 /Ge with and without Al 2 O 3 capping layers can be found from inspecting the Ge 3d core levels, and are shown in Fig. 13 . For the non-capped 4.4 nm GeO 2 /Ge layer, a strong presence of Ge +4 oxidation state is evident from the chemical shift to the Ge 3d 0 peak of > 3 eV 49, [77] [78] ( Fig.   13(a) ). After the Al 2 O 3 capping layer deposition on 3.2 nm GeO 2 /Ge, the shift to lower binding energy of the IL peak in Fig. 13(b) reveals the impact of Al 2 O 3 deposition on the GeO 2 layer. This behaviour suggests the formation of a germanate layer (AlGeO x ) at the Al 2 O 3 /GeO 2 interface. Note also the presence of GeO x at the interface for this sample. For the thicker 7.2 nm GeO 2 layer with Al 2 O 3 cap, only a sub-peak referring to AlGeO x can be observed from Fig. 13(c) . In the case of Al 2 O 3 /Ge, no high BE shoulder is apparent, rather just a peak referring to the Ge 3d 0 substrate ( Fig. 13(d) , indicating that the formation of the AlGeO x interlayer should not be detrimental to the interface quality 7, 22, 34, 35 .
In summary of this section, there is evidence that Y 2 O 3 shows a more moderate reactivity to Ge and shows feasibility for a GeO 2 -interfacial layer at the higher deposition temperature of 400C. The conduction band offset has been derived from the XPS and VUV-VASE data and shows a sufficiently large (~ 2.3 eV) value to allow for the measured low leakage (< 10 -6 A/cm 2 @ 1 V). The stack transforms into pristine YGeO x /Ge layer, with no GeO 2 IL, for annealing temperature above 525C. Our experimental results confirm that Al 2 O 3 acts as a barrier on Ge, with no detectable IL, within a resolution of the experimental techniques used.
IV. SUMMARY & OUTLOOK
A comprehensive study of ultra-thin La 2 O 3 /Ge and Y 2 O 3 /Ge gate stacks prepared by molecular beam epitaxy has been conducted in this paper for consideration as interfacial layers for Ge surface passivation. In particular, the effect of deposition temperature, ranging from 44-400C, on interfacial features, band line-up, band gap and sub-band gap absorption, and crystallinity has been investigated by MEIS, VUV-VASE, XPS and XRD techniques. Both La 2 O 3 and Y 2 O 3 show a reactivity to germanium. A strong presence of germanate layers was found from the high binding energy shoulders to the Ge 3d substrate XPS core level peak, with a chemical shifts of +2.5-2.6 eV for LaGeO x , and +2.5-2.7 eV for YGeO x . The higher deposition temperature the higher intensity of the germanate layers formation was evident for both gate stacks. However, the interface structure was found to be somewhat different. In the case of La 2 O 3 /Ge, there is no GeO 2 present at the interface for all deposition temperatures studied, rather germanium sub-oxide species dominate the interface and even they have been found in the bulk of ultra-thin (2-3 nm) films from angle-resolved XPS data. The high-resolution valence band spectra In summary, the results of this study unambiguously point to two important findings: firstly the optimal deposition temperature is in the higher range, at ~ 400C, as this allows for more uniform germanate layer at the interface with better passivation properties; secondly comparing two rare-earth stacks, La 2 O 3 /Ge with Y 2 O 3 /Ge, deposited at the optimal temperature (~ 400C), the latter is seen to have more attractive features for Ge interface engineering: moderate reactivity to Ge, GeO x -free interface, higher conduction band offset (~ 2.3 eV), larger band gap (~ 5.7 eV), and lower leakage current (< 10 -6 A/cm 2 at 1 V (hc/2π) 
